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Light, electrically charged vector-like 'leptons' with 0(1) Yukawa couplings can enhance the h — > 
77 rate, as is suggested by measurements of the signal strength /i 77 by ATLAS and CMS. However, 
the large Yukawa interactions tend to drive the Higgs quartic coupling negative at a low scale 
A < 10 TeV, and as such new physics is required to stabilize the electroweak vacuum. A plausible 
option, which does not rely on supersymmetry, is that the Higgs in fact has a much larger tree level 
quartic coupling than in the Standard Model, which is possible with an extended scalar sector. We 
investigate in detail the minimal model with a new real singlet scalar which condenses and mixes 
with the Higgs. The mechanism is very efficient when the singlet is heavier than the weak scale 
m s > TeV, in which case the vacuum can be stable and the couplings can be perturbative up to 
scales A ~ 10 9 GeV while 

M77 ~ 1-7. On the other hand, for a singlet at the weak scale, m s ~ v, 
a substantial shift in the Higgs quartic coupling requires sizable Higgs-singlet mixing. Such mixing 
can be utilized to further enhance // 77 through Yukawa couplings of the singlet to the vector-like 
leptons. In this case, for an enhancement /x 77 ~ 1.7 it is possible to obtain a stable vacuum up 
to scales A ~ 1000 TeV. The singlet can have significant mixing with the Higgs particle, allowing 
for its resonant production via gluon fusion at the LHC, and can be searched for through Higgs 
like decays and decays to vector-like leptons, which can lead to multi-lepton final states. We also 
comment on UV extensions of the minimal model. 



A new Higgs-like particle has been discovered at the 
LHC [2 12] , potentially putting into place the final piece 
of the Standard Model (SM). The determination of the 
properties of this particle is absolutely paramount, as 
any deviations from those of the SM Higgs could signal 
the presence of new physics (NP). In this regard, it is of 
interest to examine the measurements of the Higgs signal 
strength modifier for the channel i, defined as 

tM = 7 a — ■ (1) 

a(pp ->• h -> i)sM 

At this early stage of data taking the 77, ZZ, and WW 
channels have the best statistical sensitivity. In particu- 
lar, naively combining the results of the ATLAS, CMS, 
and Tevatron collaborations [IHS], we obtain the values 

/i 7T = 1.7 ± 0.4, // w = 0.8±0.3, (2) 

where VV = WW, ZZ. One observes that the ZZ and 
WW channels are in agreement with the SM expectations 
while the 77 channel displays a slight enhancement. 

Of course, the deviation in the 77 channel is not statis- 
tically significant at this time and may very well diminish 
as more data are analyzed. However, we have entered the 
era of precision Higgs physics, and in this light it is cer- 
tainly worthwhile to consider the implications of modified 
Higgs couplings for physics beyond the SM. Taking the 
pattern ^ at face value, the simplest and most plausible 
NP explanation is that the enhancement in /i 77 is due to 
new color-singlet, electrically charged particles that cou- 
ple to the Higgs boson. Such states provide an additional 
one loop contribution to the decay h — > 77 while not sig- 
nificantly altering the couplings of the Higgs to other SM 
particles. This has been pointed out after the December 



2011 hint of a 125 GeV excess in Refs. [H03, an d nas a l so 
been explored many times since. 

In this paper we will consider the possibility that 
the new particles are color-singlet, electrically charged 
vector-like 'leptons'. Such fermions require 0(1) Yukawa 
couplings in order to bring about a large enhancement in 
// 77 [SHE]. However, as emphasized recently by Refs. 0- 
[TTJ] , these fermions yield a large negative contribution to 
the P function of the Higgs quartic coupling. The Higgs 
quartic coupling is thus driven to negative values at a 
very low scale A < 10 TeV, threatening the stability of 
the electroweak vacuum. Thus, the simplest models de- 
signed to enhance the h — > 77 rate with new charged 
fermions require a UV completion at a very low scale. 

One obvious solution is to supersymmetrize these the- 
ories, in which case the scalar superpartner of the new 
fermion will provide a compensating contribution to the 
Higgs quartic j3 function. Another possibility, which is 
the focus of this paper, is that the Higgs quartic coupling 
Xh could in fact be much larger than it is in the SM. This 
is possible if nature has chosen a more complicated scalar 
sector than the minimal SM. Indeed, if the Higgs mass 
mixes with another scalar field that obtains a vacuum ex- 
pectation value (VEV), then the quartic coupling of the 
Higgs field can be significantly larger than its SM value. 
If so, the scale at which NP is required to stabilize the 
vacuum can be pushed to much higher scales, as we will 
demonstrate below. In this paper we will investigate the 
minimal model in which this mechanism can be applied, 
which contains a new real scalar singlet field. 

The basic mechanism to stabilize the vacuum investi- 
gated here has already been presented in Ref. [HUE] and 
was applied to the vacuum stability of the SM. In that 
case, since the Higgs quartic coupling runs very slowly 
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in the SM, the singlet scalar could be much heavier than 
the weak scale and still stabilize the vacuum. However 
in our case, since the new vector-like leptons cause the 
Higgs quartic coupling to run negative very quickly, the 
singlet scalar must be comparatively light to the case of 
Ref. [IT], and may even reside at the weak scale, in which 
case it can be searched for at the LHC. 

Indeed, if the singlet mass is around the weak scale, a 
sizable mixing with the SM Higgs is required in order to 
cause a large positive shift in the Higgs quartic coupling. 
Because the singlet scalar mixes with the Higgs, it picks 
up a coupling to other SM particles. This allows it to be 
produced resonantly at the LHC via gluon fusion. The 
singlet resonance can be detected by searching for Higgs- 
like decay modes or decays to pairs of vector-like leptons. 




ENHANCED h -> 77 AND VACUUM STABILITY Q (TeV) 



We begin by briefly reviewing the vacuum stabil- 
ity issue for theories in which new electrically charged 
fermions enhance the h 77 ratef^] For concreteness, 
consider two charged fermions with a mass matrix 



M = 



Ma yi v/V2 \ 
y 2 v/V2 M 2 ) ' 



(3) 



where M\ t2 are vector-like mass terms, y\^ 2 are Yukawa 
couplings of the fermions to the Higgs held, and v = 246 
GeV is the Higgs VEV. The modifications to the Higgs- 
photon-photon coupling are well described via the low 
energy Higgs theorems [T7], [IB] : 
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d\ogv 



logdetMM* hF^F^, (4) 



where the QED f3 function coefficients are bEM — 
(4/3) Q 2 . For the mass matrix of equation |3|) we obtain 



d\ogv 



log del MM* 



M 1 M 2 -y l y 2 v 2 /2' 



(5) 



and the QED /3 function coefficient is bEM = (4/3) Q 2 . 

The modification to the Higgs signal strength in the 
diphoton channel /x 77 (defined in Eq. ([I])) in this setup 
arises solely through the new contribution to the h — > 77 
partial width. Using the effective Lagrangian above, we 
obtain 



M77 



r(ft ->■ 77) 

T(h -> 77) S m 



1 



'EM 



Af 1 M X M 2 - Vl y 2 v 2 /2 



(6) 



1 See Rcfs. 13 14 for a novel mechanism to enhance the apparent 
diphoton signal utilizing Higgs decays to boosted multi-photon 
final states, and further related studies in Refs. 1151 116| . 



FIG. 1. Running of the Higgs quartic coupling \h for ?/i = 
2/2 = L The solid line shows the exact numerical solution to 
the RG equation, while the dashed line shows the approximate 
analytic solution. The coupling \h runs negative at a low 
scale. 



with A^ M ~ 6.5 is due to the competing W boson and 
top quark contributions. We see that large 0(1) Yukawa 
couplings are required to obtain an enhancement of the 
size indicated by the data As an illustration, as- 

suming a charge Q = 1, a common vector- like mass 
of Mi = M 2 = 300 GeV, then Yukawa couplings of 
2/1=2/2 = 1 are required to obtain an enhancement of 

fJ"y~y — 1.5. 

However, the large Yukawa couplings give negative 
contributions to the (3 function of the Higgs quartic cou- 
pling Xh proportional to —yf, causing A# to run negative 
at a low scale and thus destabilizing the vacuum. To see 
this clearly, let us write the renormalization group (RG) 
equation for Xh : 



dt 



12X H + aX H + b, 

a = l2y 2 t +A{yl + yl) + 
b=-\2yt-A(yt + y i 2 )- 



(7) 

(8) 
(9) 



where t = logQ/Qo: with Q the RG scale, and the el- 
lipses denote sub-leading contributions from the gauge 
couplings. The Yukawa couplings run very slowly com- 
pared to the Higgs quartic coupling, and thus a and b 
are approximately constant over the scales Q of interest. 



Furthermore, for a 125 GeV Higgs boson Xh 



\/v 2 



0.26, so that we can neglect the small X 2 H term in the RG 
equation ([7]). With these approximations, the solution to 
the RG equation can be obtained by integration and is 
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2;iven by 

Ah(Q) = I A ff (Q ) + 



g_\ a/16,r2 i, 



(10) 



Compared to the SM, the additional fermions with 
Yukawa couplings yi in Eq. ^ lead to a larger expo- 
nent a/167r 2 causing more rapid variation with scale Q. 
Furthermore, note that for j/j > 1, the competing nega- 



tive term in (10) proportional to b/a becomes stronger, 
since \b/a\ is larger than in the SM, thus leading to neg- 
ative values of Xh at lower scales Q. In Fig. [I] we display 
the evolution of the quartic coupling Xh for Yukawa cou- 
plings yi = ya = 1 an d Qo — m t- The red dashed line 
indicates the metastability bound from Ref. 19 . The 
figure shows that the approximate solution agrees well 
with the exact one which we have obtained by numeri- 
cally integrating the full RG equation^ 



Inspection of the approximate solution in Eq. ( 10 ) also 



reveals two possible mechanisms to stabilize the vacuum 
to higher scales: 1) make a,\b\ smaller by adding new 
particles that couple to the Higgs field, as in e.g. a super- 
symmetric version of the model, and 2) make the Higgs 
quartic coupling \h{Qo) larger. We will now focus on 
the second possibility, which is possible if there is an ex- 
tended scalar sector. 



LARGE HIGGS QUARTIC FROM AN 
EXTENDED SCALAR SECTOR 



We now consider the simplest model of an extended 
scalar sector that allows for a large Higgs quartic 
coupling. The model contains the Higgs field H ~ 
(1,2,-1/2) along with a real singlet scalar field S ~ 
(1,1,0). The singlet scalar mixes with the Higgs particle, 
allowing for the Higgs quartic coupling Xh to be larger 
than its value in the SM, A^ M = m\/v 2 ~ 0.26, thus 
allowing the vacuum to be stable to much higher scales. 
Much of the discussion here follows that of Ref. [TT] , to 
which we refer for more details. 

We consider the following scalar potential: 



V(H,S) 



1 



HI 



Xhs(\H\ 



v 2 /2) 2 
-v 2 /2)(S 2 



„2\2 



W 



(11) 



The scalar potential written above is invariant under a 
discrete symmetry S — > —S. Below we will couple 
the singlet to the vector-like leptons responsible for en- 
hancing the diphoton rate in the presence of the mixing 
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FIG. 2. Isocontours of the quartic coupling shift <5A = Xjj S /Xs 
in the m s — 9 plane. 

with the Higgs, and this coupling will explicitly break 
the Zi symmetry. Radiative corrections will induce tad- 
pole and cubic terms to the potential, but parametrically 
suppressed compared to the large tree level terms consid- 
ered here. We will comment further on this below, but 



for now we examine the potential in Eq. ( 11 ) 



The scalar potential must be bounded from below, 
which imposes the restrictions Xh > 0, As > 0, and, 
if A_ys is negative, XhXs > X HS . If these conditions are 
satisfied, and v 2 > and w 2 > 0, then both the Higgs 
and the singlet condense, (H) T = (w/%/2, 0), (S) = w. 
Expanding about the vacuum in the fluctuations h, s, we 
obtain the mass matrix in the scalar sector (h, s): 



M 



■ 2 ( X H v 2 Xhsvw 
Xhs v w Xsw 2 



(12) 



There are two limits of the model to consider: 1) the 
singlet is much heavier than the weak scale, w 3> v, and 
2) the singlet is close to the weak scale, w ~ v. 

Let us first consider the case of the heavy singlet. In 
the regime Q < m s ~ ^/Xsw we may integrate out the 
singlet using the equations of motion for S, leading to 
the following effective potential for the Higgs field H: 



cff 



- ^A cff ( 



H\ 



v 2 /2f 



where the effective Higgs quartic coupling is 



A. 



eff 



A 



H 



\ 2 

A HS 



(13) 



(14) 



2 The full set of RG equations can be obtained from those pre- 
sented in the Appendix by setting the additional couplings asso- 
ciated with the extended singlet sector to zero. 



It will be convenient to define 
SX 



\ 2 



A, 



(15) 
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which is simply the tree level shift in the Higgs quartic The Yukawa couplings and vector-like mass terms are 



coupling in Eq. ( 14 ) from the matching of the full theory 
to the effective theory at the scale Q = m s . For very 
reasonable choices of the quartic couplings Ag, Xhs it is 
possible to obtain a large shift SX and thus a large Higgs 
quartic coupling Xh in the full theory. 

When the singlet is light, m s ~ v, we should instead 



diagonalizc the system ( 12 ) via the orthogonal transfor- 
mation 



eg s g \ ( h 

SO Cg I \ S 



where the mixing angle is defined via 



tan 29 



(16) 



(17) 



The masses of the physical scalars h and s are 



L h,s ■ 



l - (\ h v 2 +\ s w 2 T\I{^sw 2 -\hv 2 ) 2 +^\ 2 hs v 2 w 2 ^ , 

(18) 



The tree-level shift in the coupling SX in Eq. ( 15 ) can be 



written explicitly in terms of the physical parameters as 



SX 



(m 2 - m 2 )s 2 c 2 
v 2 (m 



(19) 



We show in Fig. [2] values of SX in the 9 — m s plane. One 
observes that for light singlets m s ~ v, a large mixing 
between the Higgs and the singlet is required to obtain 
a large tree-level shift SX. On the other hand, as m s be- 
comes much heavier than the weak scale, large shifts can 
be obtained even for small mixing angles. Indeed, in the 
limit m s 3> nih, the mixing angle becomes 9 ~ 5Xv/m s 
showing that even for 0(1) values of SX the mixing angle 
will be small. 

Note that this mechanism relies on a cancellation be- 
tween two 0(1) quantities, and thus involves some de- 
gree of tuning. Clearly the tuning does not have to be 
severe to obtain the desired effect. For example, a quar- 
tic coupling Xh ~ 0(1), implying a cancellation at the 
~ 10 — 50% level, will allow for a stable vacuum to much 
higher scales, as we will demonstrate below. 

Incorporating vector-like leptons 

We now describe explicitly the vector-like lepton sector 
to be examined. The model contains the following Weyl 
fermion fields: 

k = ( g ) ~ (1, % 1/2), e% ~ (1, 1, -1), v\ ~ (1, 1, 0). 

(20) 



- C = Mihk + 
+ yeHhel 

Xl 



M e e\e\ - 
f yJ 4 Hl 



M v v%v% 



y v UHv\ 



+ -LSUU+-?=Sel(% + -?=SvZvZ + h.c.. (21) 
v2 v2 v2 

For simplicity we neglect possible Majorana mass terms 
for the neutral fermions and assume all parameters in 
Eq. (21) are real. However, see Refs. [20l EI] for re- 



cent studies of the effects of new CP-violating phases 
from vector-like fermions responsible for the diphoton en- 
hancement. 

As alluded to above, the Z2 symmetry of the classical 
scalar potential in Eq. (11) is explicitly broken by the 



Yukawa couplings of the singlet to the vector-like leptons 
in Eq. (21), and as such, Z 2 breaking terms in the po- 



tential will be generated radiatively. The relevant terms 
are 



AV = ulS + /i 3 S 3 + hhsS\H\ 



(22) 



Assuming the tree level couplings of these terms are 
small, the parametric size of these couplings coming from 
one-loop exchange of vector-like leptons is 



Mi 



2 

win jj lit xy Tn , . 

16^' M3 ~16^' 16^' (23) 

where we have used x, y, and m as a generic label for the 
Yukawa couplings and fermion masses. For 0(1) Yukawa 
couplings, and fermion masses near the weak scale, the 
size of these couplings is small compared to the effects 
that will be induced by the tree level Z 2 symmetric po- 
tential (11). We therefore neglect these terms for the 



remainder of the paper [[] We note that such terms can 
be forbidden in extensions of the minimal model, such as 
models with a global or local U(l) symmetry. We will 
discuss such UV extensions of the model later. 



The Lagrangian (21) yields the mass mixing matrices 



for the charged fermions, 



M' = 



Mi + xiw/V2 y e v/V2 
y e v/V2 M e + x e w/V2 



(24) 



and an analogous mass matrix in the neutral fermion 
sector. We bring the system to the physical basis through 
a bi-unitary transformation, 



M e =UlM' e V e = diag(m ei ,m e2 ). 



(25) 



For simplicity we will for the remainder of this paper 
specialize to the case 



Mi = M e = M, xi= x e 



X, IJe = Ve 



(26) 



3 The impact of the Z2 breaking mass terms on the vacuum stabil- 
ity were discussed in a recent paper I22| where a large tree-level 
shift in the Higgs quartic coupling is possible even with a small 
mixing. 
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FIG. 3. Isocontours of the signal strength /i 77 in the m ei — y 
plan e. Here we have fixed vector-like masses via the relations 
( 26 1 and also taken 9 — and x — 0. 



For a fixed lightest eigenvalue m ei this choice will max- 
imize the h — ¥ 77 enhancement. The mass eigenvalues 
in this case are m eii e 2 = M + ot/\/2t yv/v2, and the 
mixing angle is maximal, 9 e = 7r/4. 

Diphoton rate vs. vacuum stability The modi- 
fication to the diphoton signal strength ^ 77 in the model 
presented above is found to be 



A*77 



c e H — 1= 



V2ASM 



yce 



A 1 / 2 (m ei ) A 1/2 (m e2 ) 



+ XSg 



A 1 / 2 (m ei ) A 1/2 (m e2 ) 



(27) 



where A 1 / 2 is the standard loop function for 
fermions [23 . We reiterate that this formula is 
valid in the case of common vector-like masses and 



Yukawa couplings displayed in Eq. ( 26 1 



There are three effects at work in Eq. (27 1. First, due 



to mixing with the singlet the Higgs has a reduced cou- 
pling to SM matter fields, and in particular the W-boson 



and top quark, which is captured by the first term in (271 



Note that this also modifies the total Higgs production 
rate and total decay width by a factor of cos 2 9 which 
then cancel in the signal strength. Second, the Higgs 
couples directly to the charged vector-like leptons with 
Yukawa coupling y which yield a 1-loop contribution to 
h — > 77. Finally, through mixing with the singlet, the 
physical Higgs scalar inherits the direct couplings of x of 
the singlet to charged fermions. 

We show in Fig. [3] contours of the signal strength ^ 77 
in the m ei — y plane, first for the case of no mixing in 
the Higgs-singlet sector, 9 — 0, which is a good approx- 



FIG. 4. Isocontours of the signal strength /i 77 in the 6 — 
x plane. Here we have fixed the Higgs and singlet Yukawa 
couplings to be equal, x — y. We have also fixed the vector- 
like masses via the relations (261 and taken m ei = 100 GeV. 



imation when the singlet is heavy. The enhancement is 
maximized as the mass of the lightest charged fcrmion 
m ei becomes smaller and the Yukawa coupling y becomes 
larger, which can be easily understood by examining the 
approximate formula ^ derived using the low energy 
theorem. 

For lighter singlet masses close to the weak scale, 
achieving a sizable tree-level Higgs quartic coupling, or 



equivalently a large value of 5X (defined in Eq. (15)) re- 
quires sizable Higgs-singlet mixing as is clearly shown in 
Fig. [2] In this case, a nonzero Yukawa coupling x of the 
singlet to the vector-like leptons can have a substantial 
effect on the h — > 77 rate. We illustrate this in Fig. [4] 
which displays contours of the the signal strength /i 77 in 
the 9 — x plane. Here we have chosen the Higgs and sin- 
glet Yukawa couplings to be equal, x — y. We have also 
fixed the lightest charged fermion mass eigenvalue to be 
m ei = 100 GeV. One can see that there exists an optimal 
mixing angle in terms of enhancing /i 77 with the smallest 
possible values of x = y. For example, to obtain an en- 
hancement of /i 77 = 1.7, the minimum possible Yukawa 
couplings occur at x = y ss 0.8 which occurs for 9 w 0.3. 

We also show in Fig. [5] values of /i 77 in the x — y plane 
for a fixed mixing angle 9 = 0.4. For a fixed enhancement 
/i 77 , increasing values of x correspond to decreasing val- 
ues of y, since for this value of the mixing angle the x 
and y contributions interfere constructively (see Eq. ([6])). 

We now examine quantitatively the stability of the vac- 
uum in this model. The RG equations for the model are 
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FIG. 5. Isocontours of the signal strength /i 77 in the x — y 
plane. Here we have fixed vector-like masses via the relations 
(26 1 with the lightest being m ei = 100 GeV. We have also 
taken a mixing angle 6 = 0.4. 




Q (GeV) 

FIG. 6. Running of the Higgs quartic couplings for a heavy 
singlet m 3 — 2 TeV: 1) effective quartic coupling A c ff for Q < 
m 3 , and 2) quartic coupling Xh for Q > m s . We have shown 
values of SX = 0.6,0.8,1.0,1.2. In this plot we have fixed 
y = 1, x = at the weak scale. 



presented in the Appendix. We will first consider a heavy 
singlet, in which case at the scale Q = m s one matches 
the full theory including the singlet to the SM + vector- 
like leptons as a low energy effective theory. Following 
this, we will investigate the possibility of a singlet near 
the weak scale, in which case a significant mixing between 
the Higgs and singlet is necessary to obtain a large Higgs 
quartic coupling. 

Heavy singlet threshold We focus here on the case of 
a heavy scalar m s 3> v. In this regime, it is useful to 
consider the model in two stages. First at energy scales 
Q -C m s we integrate out the singlet and consider the 



effective theory, as in Eq. (13 1, which is simply the SM 



augmented with vector-like leptons. The effective Higgs 



quartic coupling, given in Eq. ( 14 ) runs quickly towards 



negative values due to the large Yukawa couplings of the 
new fermions. At the scale m s we match to the full the- 
ory, and follow the evolution of the couplings A#, As, 
and Xrs- Clearly, for this mechanism to work, the sin- 
glet threshold must be below the would-be vacuum in- 
stability scale. Therefore, a fairly robust conclusion is 
that the singlet should be lighter than ~ 10 TeV if /i 77 
is enhanced by ~ 50% or more. 

We first show the effect of the singlet scalar threshold 
in Fig. |6j which displays the evolution of the quartic cou- 
pling A e ff defined in Eq. ( 14 ) , valid for Q < m s and the 
full Higgs quartic coupling Xh for Q > m s . For Q > m s 
we have displayed the evolution for several values of the 
tree-level shift <5A. Here we have assumed a Yukawa cou- 



pling y = 1 at the weak scale, corresponding to a signal 
strength /i 77 ~ 1.7 for m ei ~ 100 GeV. Clearly the addi- 
tion of the singlet allows for a viable theory up to much 
higher scales. We see that that there are two possible 
outcomes depending on the value of 5A. For small values 
of S A the quartic coupling Xh eventually runs negative 
leading to a vacuum stability bound. For large values 
of SX, on the other hand, the quartic coupling Xh grows 
until it becomes nonperturbative. 

Furthermore, in Fig. [7] we show the (absolute) vacuum 
stability bounds and the the perturbativity bound for the 
quartic coupling shift <5A (defined at the scale m s ) as a 
function of the RG scale Q. Again we have assumed a 
Yukawa coupling y — 1 at the weak scale, corresponding 
to a signal strength /i 77 ~ 1.7 for m ei ~ 100 GeV. We 
see that in this case it is possible to have a viable theory 
up to scales Q ~ 10 9 GeV. 

As emphasized in Ref. [TT], the absolute stability con- 
dition in the full theory at scales Q ~ m s is given by 
Ah As > X H si or equivalently Xh > SX. This condition 
need only be satisfied at scales near m s , while for scales 
Q m s the absolute stability condition quickly tends 
toward Xh > 0. 

Singlet near the weak scale We have demonstrated 
that a heavy singlet m s 3> v can substantially raise 
the vacuum stability scale in the presence of vector-like 
leptons with 0(1) Yukawa couplings to the Higgs. We 
now consider the situation in which the singlet is light, 
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FIG. 7. Allowed values of 8X as a function the energy scales 
Q. In this example we have taken m s = 2 TeV. The lower 
shaded region represents values of 8X for which the potential is 
not absolutely stable, while the upper shaded region indicates 
values of SX for which the Higgs quartic coupling \h > 4-7T 
is nonperturbative. In this plot we have fixed y = 1 at the 
weak scale (corresponding to a signal strength enhancement 
^i 77 ~ 1.7 for m ei ~ 100 GeV). The Higgs-singlet mixing 
is small in this regime and we have also assumed vanishing 
singlet Yukawa couplings x = 0. 



m s ~ v. The new element in this case is the need for a 
large mixing angle 9 between the Higgs and the singlet, 
which is required in order to obtain a large tree level 
quartic coupling Xh for m s ~ v (see Fig. [2]). 

In the absence of direct couplings x of the singlet to the 
vector-like leptons, the Yukawa couplings of the Higgs to 
the vector-like leptons y must be increased as SX and, 
thus, the mixing angle are increased in order to obtain 
the desired enhancement to the signal strength «, 77 . This 
is clear from examining Eq. (27 1. Such large Yukawa 



couplings cause the Higgs quartic coupling Xh to run 
even faster toward negative values. We have numerically 
investigated this case in detail, and the end result is that 
the required increase in the Yukawa couplings offsets, to 
a large degree, the benefit of the larger Higgs quartic 
coupling, so that there is still a vacuum stability issue to 
be addressed at low scales, A < O(10 TeV) 

Turning on Yukawa couplings x of the singlet to the 
vector- like leptons can help in this respect. Indeed, one 
can take advantage of the mixing angle: as can be seen 
from Fig. |1J by having both Higgs and singlet Yukawa 
couplings y and x, there is an optimal mixing angle which 
minimizes the magnitude of such couplings for a fixed 
value of the enhancement of /i 77 . Minimizing the Higgs 
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FIG. 8. Evolution of Ah (black), As (red), and Xhs (blue) as 
a function of the RG scale Q. The green line represents the 
quantity XhXs — X H s- The last quantity must be positive 
for vacuum stability when Xhs < 0. Here we have fixed 
m s = 400 GeV, X H = 0.8, A s = 1.3, Xhs = 0.8, y = 1.0, 
x = 0.7. The mixing angle in this case is 6 ~ 0.5. This 
leads to an enhancement fj, 11 = 1.7 when the lightest charged 
vector-like lepton mass is 100 GeV. 



Yukawa coupling y causes Xh to run more slowly, and 
the mixing angle allows for a large tree level coupling 
Xh- However, at the same time, the singlet Yukawa cou- 
plings x yield a negative contribution to the singlet quar- 
tic coupling Ag and cross coupling Xhs proportional to 
—x 4 , so that one must now worry about these couplings 
becoming negative. In Fig. [8] we show the evolution of 
Xh, As, and Xhs as a function of the RG scale Q. Wc 
see that the vacuum stability can be maintained to scales 
Q ~ 10 6 GeV for appropriate choices of the parameters. 
The parameters chosen for this example point lead to an 
enhancement /x 77 ~ 1.7 for light vector- like fermions near 
the LEP bound. 

Summary We have demonstrated that the presence of 
a new singlet scalar field can alleviate a potential vacuum 
instability problem at low scales caused by new charged 
fermions responsible for enhancing the h — ¥ 77 rate. This 
mechanism is very efficient for a heavy scalar, m s > TeV, 
in which the theory can be perturbative and have a sta- 
ble vacuum to very high scales, A ~ 10 9 GeV. For a light 
singlet near the weak scale, m s ~ v, a large mixing angle 
between the Higgs and singlet is necessary in order to 
obtain a large 0(1) value for the Higgs quartic coupling. 
In this case, one can take advantage of such a large mix- 
ing by coupling the singlet to the new charged fermions, 
so that the Higgs inherits these couplings through mix- 
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FIG. 9. The 1, 2, 3a CL regions in 6 - 
the Higgs signal strength data. 



plane from a fit to 



ing. In this case as well, the theory can be viable to a 
very high scale, A ~ 10 6 GeV. This case is more inter- 
esting phenomenologically since the light singlet can be 
produced at the LHC. We now move to an investigation 
of the singlet phenomenology. 



SINGLET PHENOMENOLOGY 

We now explore several phenomenological conse- 
quences of our scenario, including the effects of the 
vector-like leptons and singlet scalar in the Higgs signal 
strength data, the interplay between the precision elec- 
troweak data and the stability of the vacuum, and the 
signatures of the singlet at the LHC. 

Higgs-singlet mixing vs. signal strength data 
For singlets near the weak scale, a large tree level shift 
<5A to the Higgs quartic coupling requires sizable mixing 
between the Higgs and the singlet. Such a mixing will 
affect the Higgs couplings and the predictions for the 
signal strength in the various channels It is thus of 
interest to determine the range of mixing angles which 
provide a good description of the signal strength data. 

The mixing between the singlet and the Higgs al- 
ters the signal strength prediction as //, = cos 2 9 for 
i = WW, ZZ, bb, tt. The exception is the 77 chan- 



nel, which is modified according to Eq. (27). To get a 



feeling for the allowed values of the mixing angle, we 
have performed a fit to the signal strength data in the 
77, WW, ZZ, bb, tt data from the ATLAS Q], CMS [2], 
and Tevatron [3] experiments. Since several parameters 
enter into the prediction for the diphoton signal strength 
(explicitly, m eit e 2 , y, x, 9), we find it most illuminating 
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FIG. 10. Oblique parameters S and T. Here we show the 
1,2,3a CL regions in the S — T plane. The blue points show 
the effect of changing the mixing angle from — (where the 
model is excluded at more than 3a CL) to 8 — 0.5 (where 
the model lies within the la CL region. For these points we 
have fixed y — x to the values along the y, 11 = 1.7 contour in 
Fig. [4] We have also fixed m ei = 100 GeV, y v = x u = 0, and 
m s = 500 GeV. 



simply treat /it 77 as a free parameter and perform a two 
parameter fit allowing 9 and /x 77 to vary freely. 

We now summarize the results of the fit: The best- 
fit point is (#,/i 77 ) = (0.4,1.7) with a goodness-of-fit 
described by x 2 /d.o.f = 8.1/11. This is to be compared 
with the SM which gives a goodness-of-fit of x 2 /d.o.f = 
12.8/13. That a small mixing angle is preferred is simply 
due to the fact that this leads to a slight suppression, 
Hvv ~ 0.8 for VV = WW, ZZ channels, as shown by 
the pattern in Eq. (§. In Fig. H we show the allowed 
regions in the 9 — /i 77 plane. We observe that a sizable 
mixing angle is still allowed by the data, up to values 
of 9 ~ 0.7. See also Refs. [21] for recent studies of the 
effects of singlet-Higgs mixing on the Higgs data. 

Electroweak precision tests The new vector-like 
leptons give contributions to the oblique parameters S 
and T [35]. In particular, as emphasized in Refs. [HH], 
there is a trade off between minimizing the T parameter 
and obtaining a high vacuum instability scale. In order 
to minimize the T parameter, one would like to impose 
an approximate custodial symmetry in the Lagrangian 
(21|, with M e ~ M v and y e ~ y v . However, additional 



large Yukawa couplings y v will drive the Higgs quartic 
couplings towards negative values at a faster rate, so that 
the instability scale is lower than if those couplings were 
small. 

In the model with a singlet scalar there are new effects 
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due to Higgs - singlet mixing and the Yukawa couplings 
x of the singlet to the vector-like leptons. If the singlet is 
heavy m s 3> nih, a non-zero mixing angle 9 between the 
Higgs and the singlet mimics the effect of a heavy SM 
Higgs boson, causing a positive shift in the S parameter 
and a negative shift in the T parameter. Furthermore, 
as shown in Fig. [4] nonzero singlet Yukawa couplings x 
allow one to utilize the Higgs singlet mixing to enhance 
the h — > 77 rate with somewhat smaller Higgs Yukawa 
couplings y, which reduces the T parameter. 

These two effects allow one to alleviate the constraints 
from electroweak precision data provided the Higgs- 
singlet mixing angle is not too small, suggesting a sin- 
glet not far above the weak scale. We illustrate this in 



Fig. 10 which displays several model parameter points 
in blue in overlaid in the S — T plane. For the S — T 
allowed regions we use the recent updates from the Gfit- 
ter group [55]. In these model points, we have fixed the 
diphoton enhancement to a value /i 77 = 1.7. We vary the 
mixing angle from 9 = 0, where the model is excluded at 
more than 3er confidence, to 6 — 0.5 at which point the 
model lies within the la S — T ellipse. To obtain the 
enhancement /^ 77 = 1.7 we have taken common Yukawa 
couplings y = x fixed to values along the /x 77 = 1.7 
contour in Fig. [4] as the mixing angle varies. We have 



furthermore fixed m P 



100 GeV and m s = 500 GeV. 



Signatures of the singlet at LHC Through mix- 
ing between the singlet and Higgs, the physical singlet 
scalar s inherits the couplings of the Higgs to SM fields, 
which are rescaled by a universal mixing factor sin 9. Sin- 
glets can then be directly produced at LHC and subse- 
quently decay to SM particles. The phenomenology of 
singlet scalars has been thoroughly investigated in the 
literature [27 . In our model, singlets can also decay 
to vector-like lepton pairs as well as light Higgs pairs if 
kinematically allowed. These decay modes can not only 
provide new discovery channels, but also relax possible 
bounds coming from the null results of Higgs searches for 
singlet masses m s < 600 GeV. 

The singlet partial decay widths into SM particles, 
vector-like lepton pairs, and hh are, respectively, 



r(s ->■ SM) = T(h -> SM) SM sin 2 9, 



r(s -> e x ex) 



,2 ... / 4m 2X 3 /2 



r(s ->hh) = - 



9se 1 e 1 m s 
9shh 

327rm, 



T- 



Ami 



(28) 
(29) 

(30) 



where a subscript SM implies the width calculated in 
pure SM evaluated at the mass m s of the singlet, and e\ 
is the lightest charged fermion mass eigenstate. When 
needed throughout this section, we assume maximal 
charged fermion mixing (as in Eq. (26)) to maximally 
enhance the diphoton rate, a lightest charged fermion 
mass m ei =100 GeV, and adjust the Yukawa couplings 



32 

a 




x=y=0.8,m ei = 100GeV 
x=y=0 

No e l e l , hh mode 



200 



300 400 
wj s (GeV) 



500 



600 



FIG. 11. Upper bound on Higgs-singlet mixing from all Higgs 
searches at ATLAS. For each line shown, we allow singlets to 
decay to different set of final states: pure SM(blue solid), 
additionally to hh (gray dashed), additionally to 100 GeV 
lepton pair (gray solid), x = y — 0.8 is used when necessary 
as this choice approximately achieves ^t 77 ~ 1.7 with 9 around 
upper bound. 



x = y to achieve /i 77 = 1.7 as we vary Higgs mixing 9, 
as in Fig. [4j With maximal fermion mixing, the physical 
couplings of s are given by 



gse iei = —?=(-ysin9 + xcos 



(31) 



1 

g shh = cos 3 9\ HS w + cos 2 9sm9(3\ H - 2\ HS )v 

+ cos 9 sin 2 6>(3A S - 2X HS )w + sin 3 9\ HS v. (32) 

ATLAS and CMS have presented bounds on the to- 
tal signal strength modifier // for Higgs masses up to 
Trifo = 600 GeV, which can be reinterpreted as a bound 
on the singlet mass - mixing angle parameter space. The 
prediction for the signal strength in our model is 

a(gg — > s)-Br(s — > SM) . 2/lTW 

u = . VJy - . — { — = sin 2 9Bt(s -> SM). 

a(gg -> h) SM -Br(h -> SM) SM V ' 

(33) 

Using the ATLAS combined results PQ, we obtain a 
bound on the mixing ang le in Fig. [11] as a function of the 
mass of the singlet. For m s < 500 GeV, this bound is 
more constraining than the one obtained from the best-fit 
of the 125 GeV resonance in Fig.[9j although one can still 
have a fairly large mixing of sin6> < 0.5. The additional 
decay modes of the singlet into a Higgs pair and vector- 
like lepton pair have only a moderate effect in relaxing the 
limits because the upper bound corresponds to a sizable 
mixing angle and thus a significant singlet decay width 
through Higgs mixing. The hh decay mode has a larger 
effect than the e\e\ mode because the physical coupling 
of s to the vector- like leptons in Eq. (31) is small due 



to a partial cancellation between the y and x contribu- 
tions when the fermion mixing and Higgs-singlet mixing 
is large. However, for smaller Higgs mixing sin# < 0.4, 
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this coupling becomes larger and branching ratio into 
eiei mode dominates. 

Vector-like lepton pairs can be produced at the LHC 
through resonant production of s via gluon fusion fol- 
lowed by its subsequent decay. In the limit of negligi- 
ble Higgs-singlct mixing, vector-like lepton pairs are pro- 
duced only through the Drell-Yan process. For instance, 
in the case of maximal mixing the cross section for pro- 
duction of m ei — 100 GeV leptons is 0.4 pb. The addi- 
tional production of vector-like lepton pairs in our model 
is calculated in Fig. 



0.20 
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The rate of vector-like lepton 
pair production through s decay can be as large as 40% 
of Drell-Yan production. In the region of small mixing, 
vector-like lepton pair production increases as the mix- 
ing angle increases, due to the rising gluon fusion rate. 
However, the vector-like lepton production rate reaches 
a maximum at 9 ~ 0.3 and decreases back to zero be- 
cause the branching ratio for s — > e\e\ is suppressed 
by due to small g seiei coupling and the increasing de- 
cay width of the singlet to SM modes via Higgs portal 
mixing. We note that the mixing 9 ~ 0.3 giving the 
largest production also provides a good fit to the 125 
GeV Higgs signal strength data, as shown in Fig. [9] and 
is consistent with constraints from precision electroweak 
data discussed above. 

Thus, if the production rate of vector-like leptons is 
observed to be higher than that expected from Drell- 
Yan processes alone, it might suggest the existence of 
resonantly produced singlet scalar bosons. Another im- 
portant test for the existence of s at the LHC will be 
searches for Higgs-like states extending to higher masses 
m s > 600 GeV using larger datasets. A future high en- 
ergy lepton collider would also allow detailed tests of this 
scenario, through extended Higgs resonance searches at 
high mass and measurements of the angular correlation 
of final state SM leptons (to which our vector-like lep- 
tons are assumed to decay) which can test the spin of 
s-channel mediator, s and/or 7. 



UV EXTENSIONS OF THE MINIMAL MODEL 
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FIG. 12. u(gg — > s) ■ Br(s — > eiSi) in units of pb is 
plotted. Higgs mixing is varied within the allowed region. 
m ei = lOOGeV is assumed and Yukawa couplings x — y are 
chosen to achieve /u 77 = 1.7 for each choice 6, as in Fig. [4j 



Global U(l)' PQ symmetry First, when the U(l)' 
is a global PQ symmetry, there would be a massless Gold- 
stone boson after the U(l)' is broken spontaneously. In 
order to avoid a dangerous weak-scale axion, we need to 
break the 17(1)' explicitly. So, a U(l)' breaking mass 
term can be introduced as -^m'gS 2 + c.c, which can 
be comparable to the t/(l)'-invariant singlet mass term. 
Then, the axion should be included in the low energy 
spectrum. For instance, the U(l)' soft breaking mass 
term can be given by a high-scale PQ symmetry break- 
ing [H, from jjt^S 2 + h.c. where ($) - 10 10 GeV 
contains the invisible axion for solving the strong CP 
problem. If the axion partner of the singlet scalar has 
weak-scale mass, it affects the RG evolution of the Higgs 
quartic coupling and may mix with the CP-even scalars 
if the U(l)' breaking mass violates CP. 



While we have investigated the minimal scenario that 
includes a real scalar singlet, it is natural to consider the 
singlet and vector-like leptons as part of a new sector 
charged under a global or local U(l)' symmetry. In this 
case, the masses of vector-like leptons can be obtained 
from the singlet Yukawa couplings as follows, 

£s,Yuk = -XiShU - \ e S*ele% + h.c, (34) 

where we have taken the U(l)' charges of vector-like lep- 
tons to be q(h) — —q(e%) and q{h) = —q(e%) in order to 
allow the Higgs Yukawa couplings with vector-like lep- 
tons. Then, after the singlet gets a VEV v s , we obtain 
the vector- like masses as m; = -hs\iv s and m e — -j=X e v s . 



Local U(l)' gauge symmetry Second, when the 
U(l)' is a local symmetry, the would-be Goldstone bo- 
son is eaten by a massive Z' gauge boson. So, in the 
decoupling limit of the Z' gauge boson, we only have to 
take into account the CP-even singlet scalar in the low 
energy spectrum in addition to the vector-like leptons. 
In this case, we can still obtain a tree-level shift in the 
Higgs quartic coupling from the mixing between the CP- 
even singlet scalar and the Higgs boson. Of course, if Z' 
gauge boson has a weak scale mass, it should be included 
in the discussion as well. However, in the case of a local 
U(l)' symmetry, we need to consider the anomaly cancel- 
lation conditions such as [C/(l)'] 3 , U{l)'-SU{2)\ , U(l)'- 
U(l)y, and [£7(1)'] 2 — U(l)y anomalies. The anomalies 
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coming from the vector-like leptons are, respectively, 

A[ =2q(l 4 ) 3 + 2q(l 4 ) 3 +q(el) 3 + q(i c 4 ) 3 , (35) 
A 2 = \{q{h) + q(h)), (36) 
Ai = l -{q{U) + q(U)) + q(et) + q{e%), (37) 
A'{ = -\{q{U) 2 - q{kf) + q{elf - q{i%f . (38) 
Then, for q{l 4 ) = —q(e 4 ) and q{l 4 ) — —q(e 4 ), we get 
A\ = q(l 4 f + q(l 4 ) 3 , A 2 = l -{q{l 4 ) + q(l 4 )), 
A 1 = - l -{q{l 4 ) + q(U)), A'{ = \{q{Uf - q{l 4 f). (39) 

If q{l 4 ) = —q(l 4 ), we can cancel all the anomalies but 
the tree-level vector-like masses are allowed. If q{l&) ^ 
q(h), we can forbid the tree-level vector- like masses but 
the anomalies cannot be cancelled simultaneously. For 
instance, for q(l 4 ) = q(l 4 ) = 1, only A'{ vanishes but the 
other anomalies are nonzero: A[ — 2, A 2 — 1 and A\ — 

— 1. Therefore, we need extra vector-like leptons to cancel 
the anomalies. For instance, another set of vector-like 
doublets and singlets with U(l)' charges, q{h) = q(h) = 

— 1 and q(e^) = q(e^) = 1, can cancel the anomalies. 
In this case, we need an additional complex scalar to 
give them masses. Since the extra vector-like fermions 
can also couple to the Higgs, they could affect the Higgs 
diphoton rate as well as the vacuum stability. 

Two Higgs doublet model For more general 
U(l)' charges of vector-like leptons, we need to extend 
the Higgs sector with two Higgs doublets for obtaining 
the Yukawa couplings to the SM quarks and leptons. 
Then, the masses of vector-like leptons can be generated 
by 

A-uk = -XiSl 4 l 4 - \ e Se\e c 4 - y e H d l 4 e c 4 - y e H u l 4 e c 4 + h.c.. 

(40) 

Since the trace of PQ charges of vector-like leptons 
is nonzero, electromagnetic anomalies do not vanish. 
Nonzero U(l)' anomalies imply that the U(l)' symmetry 
is necessarily anomalous so it should be a global symme- 
try Q When the pseudo-scalar of the singlet couples to 
a singlet fermion dark matter, it can induce dark matter 
annihilation into monochromatic photons by anomaly in- 
teractions for the Fermi gamma-ray line at 130 GeV [ID] . 
The CP-even scalar of the singlet still can improve the 
vacuum instability by the quartic coupling with the Higgs 
bosons. In the case where the extra Higgs states are de- 
coupled, our previous discussion with the singlet scalar 
and the SM Higgs boson holds in the effective theory. 



Furthermore, new effects arise in two Higgs doublet mod- 
els that can affect the Higgs couplings; for recent studies 
see Refs. [29] . 

CONCLUSIONS 

Simple models utilizing new charged vector-like 'lep- 
tons' or other color-singlet, electrically charged fermions 
to enhance the h — ¥ 77 partial decay width require 0(1) 
Yukawa couplings, which yield negative contributions to 
the /3 function of the Higgs quartic coupling. The Higgs 
quartic coupling runs very quickly towards negative val- 
ues, suggesting a dangerous vacuum instability issue and 
necessitating new UV physics at relatively low scales. We 
have investigated an economical mechanism in which the 
scalar sector is extended to include a singlet which devel- 
ops a VEV and mixes with the Higgs. This allows for a 
much larger Higgs quartic coupling compared to the SM 
and thus a stable vacuum to much higher scales. 

The new scalar singlet in this scenario must be rela- 
tively light in order for the mechanism to work, e.g. be- 
low a few TeV a large enhancement ^ 77 ~ 1.7. Further- 
more, if the singlet is close to the weak scale, obtaining a 
large Higgs quartic coupling necessarily requires sizable 
mixing between the singlet and the Higgs. Such a mix- 
ing can be utilized to further enhance the diphoton rate 
through Yukawa couplings of the singlet to the vector-like 
leptons, and can allow for good descriptions of the Higgs 
signal strength and precision electroweak data. Further- 
more due to the mixing in the scalar sector, the physi- 
cal singlet scalar picks up couplings to SM particles and 
thus can be produced at colliders. The singlet may be 
searched for in standard Higgs-like decay modes as well 
as through anomalous production of the new vector-like 
leptons. 
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Appendix /3 functions 

Here we present the j3 functions for an extension of the SM containing vector-like leptons and a singlet scalar, which 
can be obtained from the general results of Refs. [30] : 
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